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Using numerical methods, we investigate the absorption properties of a family of nonsingular solutions which
arise in different metric-affine theories, such as quadratic and Born-Infeld gravity. These solutions continuously
interpolate between Schwarzschild black holes and naked solitons with wormhole topology. The resulting spec-
trum is characterized by a series of quasibound states excitations, associated with the existence of a stable
photonsphere.
I. INTRODUCTION
In the last years there has been increasing interest in the
study of compact objects which may figure as astrophysical
alternatives to classical black holes (BHs) or exhibit uncon-
ventional features, such as hair or signs of new high-energy
physics [1–6]. This interest has grown in parallel with the de-
velopment of gravitational wave detectors, which have pro-
vided convincing evidence that collisions between massive
astrophysical-size compact objects is a fact [7–12]. However,
the current capabilities of such observatories are yet insuffi-
cient to confirm or rule out the existence of the BH event hori-
zon itself and we will have to wait for future developments
in order to have a chance to settle this issue, as well as other
related questions. Therefore, the possibility to test subtle de-
tails of the strong gravity regime is still beyond our observa-
tional capabilities, and we must do our best to scrutinize the
spectrum of phenomenological possibilities from a theoretical
perspective.
Among the various open questions posed by BH investi-
gations, understanding whether spacetime singularities [13–
16] are real or an artifact of our mathematical theories is one
of the most challenging problems, from both technical and
philosophical perspectives. Though the BH event horizon is
taken by some authors as a possibility to minimize this issue,
adopting an out of sight, out of mind attitude, a lot of effort
has been devoted to the construction of nonsingular alterna-
tives for BH interiors. In this sense, the physical nature of
singularities has been attacked from different perspectives in
the literature, including non-linear corrections on the matter
fields [17–19] (see also Refs. [20–23] for a general analysis
of this issue), as well as non-perturbative effects [24], fully
dynamical models of BH formation and evaporation [25–29],
quantum-gravitational pressure counter-effects preventing the
formation of the singularity [30–33], or via the replacement
of the event horizon by a compact surface mimicking the
Schwarzschild radius as seen from far away observers [6, 34].
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We are interested in exploring some properties of a fam-
ily of nonsingular BH solutions which arise when higher-
curvature corrections to Einstein’s gravity are considered in
the metric-affine (or Palatini) approach. Rather than being de-
signed in terms of exotic matter sources to exhibit or prevent
certain properties, the solutions discussed here come out nat-
urally from the gravitational field equations coupled to stan-
dard matter sources, what makes them more appealing and
supports their naturalness. These solutions were first found by
exploring semiclassical gravity effects on Reissner-Nordstro¨m
BHs [35, 36], but relaxing the compatibility between metric
and connection in order to obtain ghost-free, second-order
equations. Interestingly, they are also solutions of the so-
called Eddington-inspired Born-Infeld theory of gravity [37],
which has been the subject of intense study in the last few
years (see Ref. [38] for a comprehensive review). The most
remarkable property of these new solutions is that they repre-
sent geodesically complete spacetimes with wormhole struc-
ture [39, 40, 42], where a spherical throat replaces the trouble-
some central singularity typically found in General Relativity
(GR). The standard GR solutions are recovered from the new
ones in the appropriate limit, what puts forward that they are
natural extensions generated by the ultraviolet new dynamics
of the gravity model.
Among the various families of solutions of this electrovac-
uum theory, there is a subset which is completely regular,
in the sense that curvature invariants are bounded every-
where, even at the wormhole throat [35–37]. These solutions
smoothly interpolate between Schwarzschild-like BHs (when
their mass is sufficiently high) and naked solitons (when their
mass approaches the Planck scale), always having a worm-
hole of finite area at their center. For this reason, because
they smoothly connect massive BH solutions with Minkowski
spacetime, they can be regarded as natural candidates for BH
remnants [44, 45]. Remnants have been considered in the past
as a possible way out for the information loss problem in the
process of BH evaporation [46]. The ones we are consider-
ing here are particularly interesting because: (i) they represent
regular spacetimes with no incomplete geodesics (information
is not destroyed anywhere), (ii) their wormhole structure al-
lows to send information that falls during the BH phase into
another universe (via a white hole), and (iii) correlations be-
tween a pair member that falls into the BH and a partner that
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2remains outside can be restored once the event horizon disap-
pears, what avoids the need to store all the quantum informa-
tion in the remnant itself.
Leaving aside the specific context in which these solutions
arise, this unconventional family of massive topological enti-
ties offers an interesting environment to study qualitative new
features of BH remnants. It is with this idea in mind that
we initiate an in depth analysis of the interaction of this type
of objects with scalar waves. Given that their BH phase is
essentially identical to that corresponding to Schwarzschild
BHs [35, 36], here we focus on the horizonless configura-
tions (naked solitonic phase), which can be seen as two copies
of Minkowski spacetime connected by a spherical wormhole,
where the energy density concentrates. Due to the fact that
these objects are horizonless alternatives to standard BHs and
that they usually present photonspheres, we shall consider
them as ECOs (extreme/exotic compact objects) [47].
ECOs can be further characterized into subclassses, namely
UCOs (ultra-compact objects) and ClePhOs (clean photon-
sphere objects) [47]. UCOs are compact objects with a pho-
tonsphere and ClePhOs are UCOs with effective radius very
close to the Schwarzschild radius. It was recently found in
Ref. [48] that, due to an “effective cavity” between ClePhOs’
effective surface and its photonsphere, ClePhOs present an
absorption spectrum characterized by Breit-Wigner like res-
onances which could allow for experimental searches. It is
natural to extend the analysis that was done in Ref. [48] in or-
der to study the absorption properties of other types of ECOs
existent in alternative theories, in search of characteristic sig-
natures that could distinguish them from regular BHs or those
treated in Ref. [48].
We obtain that the absorption spectrum of the family of
regular solutions studied here exhibits a pattern associated to
a rich structure of quasibound states in the remnant phase,
which distinguishes ECOs from regular BHs of the same
mass. This structure of quasibound states is similar to that
found for ClePhOs [48].
The remaining of this paper is organized as follows. In
Sec. II we present the framework and the solutions. The ab-
sorption properties are investigated in Sec. III, where we also
analyze the trapped modes. Our numerical results are exhib-
ited in Sec. IV. We end with our final remarks in Sec. VI.
Throughout this paper we use metric signature (−,+,+,+)
and natural units, such that G = ~ = c = 1.
II. FRAMEWORK AND SOLUTIONS
The BH solutions we are going to study arise in the con-
text of ultraviolet modifications of GR in a metric-affine sce-
nario, in which metric and connection are regarded as inde-
pendent geometrical entities. This approach has several ad-
vantages and peculiarities that make it radically different from
the usual metric approach, in which the connection is forced
to be compatible with the metric a priori. An independent
variation of the affine connection has been advocated to ren-
der ghost-free theories of gravity even for higher order curva-
ture Lagrangians [38, 49]. This has been recently proved to
be the case for higher order curvature gravities which have a
projective symmetry [50]
In Ricci-based gravity theories (RBGs), the symmetric part
of the connection can always be formally written as the
Christoffel symbols of an auxiliary metric qµν , while its anti-
symmetric part is trivial if no explicit coupling between mat-
ter and connection is considered (minimally coupled bosonic
fields) [51]. These theories can be represented by an action of
the form
S(gab,Γab
c, ψm) =
∫
d4x
√−gLRBG(gab, R(ab)) + Sm ,
(1)
where R(ab) denotes the symmetrized Ricci tensor1, gab the
spacetime metric, and ψm the matter fields that appear in
Sm. Here Rab ≡ Rcacb, where the Riemann tensor is
Rdcab = ∂aΓbc
d − ∂bΓacd + ΓaedΓbce − ΓbedΓace, and Γabc
is the connection. The relation between the spacetime met-
ric gab and the auxiliary metric qab is determined by a model-
dependent deformation matrix Ωab, which is a nonlinear func-
tion of the stress-energy tensor of the matter fields, via the re-
lation qab = gacΩcb. The equations that govern the auxiliary
metric can be written in a compact form in terms of qab and
become (see Ref. [37] for details)
Gab(q) =
κ2
|Ω| 12
[
T ab − δab
(
LG + T
2
)]
, (2)
whereGab(q) = qacGcb(q) is the Einstein tensor of the metric
qab with one index raised. Considering a spherically symmet-
ric and static Maxwell electric field coupled to the quadratic
action LG = R+α(−R2/2 +RabRab) or to the Born-Infeld
like model
√−gLBI =
√|gab + Rab| − √−|gab| (with
α = −), one finds the line element
ds2 = −A(x)dt2+ 1
A(x)Z2+(x)
dx2+r2(x)
(
dθ2 + sin2 θdϕ2
)
,
(3)
where
A(x) ≡ 1Z+(x)
[
1− rS
rc
(1 + δ1H(x))
z(x)Z1/2− (x)
]
, (4)
z(x) ≡ r(x)
rc
, Z±(x) ≡ 1± 1
z4(x)
, (5)
r2(x) =
1
2
(
x2 +
√
x4 + 4r2c
)
, (6)
rc ≡
√
lrq , δ1 ≡ 1
2rS
[
r3q
l
]1/2
, r2q ≡ 2q2. (7)
Here the x coordinate, defined through Eq. (6), takes values
in the whole real axis (−∞,+∞). The parameter rS defines
the Schwarzschild mass rS = 2M . The length l is related to
1 The fact that only the symmetrized Ricci tensor is included in the action is
imposed by projective symmetry to ensure that they are ghost free [50].
3the scale , as  = −2l2 . The H(x) function is given by
H(x) = − 1
δc
+
1
2
√
z4(x)− 1[f3/4(x) + f7/4(x)], (8)
with
fλ(x) = 2F 1[1/2, λ, 3/2, 1− z4(x)] (9)
being a hypergeometric function, and δc ≈ 0.572069 is an in-
tegration constant needed to find the correct far away asymp-
totic behavior.
The different parameters appearing in the line element (3)
can be rewritten as functions of the dimensionless parameters
Nq ≡ q/e, with e representing the proton charge, and the
charge-to-mass ratio δ1, defined in Eq. (7). Let us explicitly
write these relations, as
q = eNq , rq = 2lPNq/Nc , rS =
r3c
2δ1l2
, (10)
where lP is the Planck length and Nc ≡
√
2/αem ≈ 16.55
is a critical number of charges, which represents the transition
from BH (Nq > Nc) to naked wormhole (Nq < Nc). In the
definition ofNc, αem is the fine structure constant. These def-
initions show how the line element (3) is totally specified by
the two dimensionless parameters (δ1, Nq) plus the scales l
and lP . This family of metrics leads to qualitatively different
kinds of spacetimes, depending on the values of δ1 and Nq .
The classification goes as follows:
• Schwarzschild like solutions: Characterized by δ1 <
δc, they possess an event horizon (on each side of the
wormhole) for all values of Nq .
• Reissner-Nordstro¨m like solutions: With δ1 > δc,
they may exhibit two, one (degenerate), or no hori-
zons (on each side of the wormhole), like in the usual
Reissner-Nordstro¨m (RN) solution of GR.
• Regular solutions: With δ1 = δc, if Nq > Nc, one
finds one horizon on each side of the wormhole (similar
to the Schwarzschild case). If Nq = Nc, the two sym-
metric horizons meet at the wormhole throat, r = rc
(or x = 0). For Nq < Nc the horizons disappear
yielding a wormhole that connects two asymptotically
Minkowskian universes. We will refer to these solu-
tions as BH remnants, as they are continuously con-
nected with BH configurations. The existence of such
remnants, which may arise at the end of BH evaporation
or due to large density fluctuations in the early Universe
[52], might be of special relevance for the understand-
ing of the information loss problem [46] and may also
have potential observational consequences [53]. It is
important to note that when the charge-to-mass ratio δ1
is set to the value δc, the mass spectrum of the solutions
is completely determined by the charge parameter Nq ,
through the relation [37]
M = mP
(
Nq
Nc
)3/2(
lP
l
)1/2
nBI , (11)
where nBI = pi3/2/(3Γ[3/4]2) ≈ 1.23605. Up to a
√
2
numerical factor, this mass/energy expression is identi-
cal to the one found for point charges in the Born-Infeld
electromagnetic theory.
All the above cases rapidly tend to the standard GR solutions
just a few rc units away from the wormhole throat at rc. This
puts forward the idea that the wormhole structure and devi-
ations from GR arise nonperturbatively. It is worth noting
that the area of the wormhole, A = 4pir2c = (8pillP /Nc)Nq ,
grows linearly with the number of charges as if it was quan-
tized.
III. NULL RAYS AND SCALAR WAVES
We now shift our attention to the properties of geodesics
and scalar waves propagation in the spacetime defined by the
line element (3). Since it represents a static and spherically
symmetric geometry, we have two Killing fields, ξ1 = ∂t and
ξ2 = ∂ϕ, which satisfy ua∇a(gbcubξci ) = 0, along metric
geodesics with tangent vector ua [54]. Due to spherical sym-
metry, we may restrict our attention to geodesics at the equa-
torial plane (θ = pi/2), without loss of generality. The two
Killing vectors (∂t, ∂φ) give the following conserved quanti-
ties along equatorial geodesics 2
E = −At˙,
L = r2(x)ϕ˙,
(12)
where the overdot means derivative with respect to the affine
parameter of the corresponding geodesic.
A. Capture of null geodesics
For metric geodesics we also have conservation of the norm
of their tangent vector, gbcubuc = −k, where k = 0 for
null geodesics and k = 1 for (affine-parametrized) timelike
geodesics. Using Eqs. (3) and (12) we can thus write
1
2
m(x)x˙2 + Veff (x) = E
2, (13)
with the definitions
Veff(x) ≡ A(x)
(
L2
r2(x)
+ k
)
, (14)
and
m(x) ≡ 4/Z2+(x). (15)
2 Note that in metric-affine gravity the geodesics of the connection are not
those of the metric. Nonetheless, since the scalar field equations are not
sensitive to the affine structure, they will follow metric geodesics in the
eikonal limit. For geodesics of the connection, ua∇a(gbcubξc) = 0 is
not generally satisfied by a Killing field.
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FIG. 1. Effective potential Veff(x), given by Eq. (14) and normalized
by r2c/L2, for null geodesics (k = 0) in BH remnant spacetimes.
Here ns = Nq/Nc. Note that for values of ns ≈ 1 we have a
more pronounced potential well at x = 0, and the well disappears as
ns → 0 (or Nq → 0).
Equation (13) is similar to that of a particle of mass m(x)
and energy E2 in a central effective potential Veff .
As we can see in Fig. 1, the effective potential associated
to null geodesics presents a well at the wormhole throat,
with one maxima on each side, defining two unstable pho-
tonspheres. The minimum of the potential, at the wormhole
throat, is related to a stable photonsphere. We can see that
the depth of the potential well increases as the normalized
number of charges ns increases. Intuitively, concerning
scalar waves, this is telling us that the wormholes will be
more absorptive the more charged they are, because their
area grows linearly with the charge. Moreover, from the
presence of a potential well, we can anticipate the existence
of quasibound modes around the throat in the wave regime.
Indeed, the absorption spectrum of scalar waves, computed in
Subsec. III C, shows the existence of these modes.
The light-rings are circular geodesics such that x˙ = 0 and
x¨ = 0, corresponding to the maxima of the effective potential
Veff(x), given by Eq. (14), with k = 0.
Null geodesics impinging from infinity, which reach and
stay at the maximum of the potential are called critical, and
they are characterized by Veff(xmax) = E2. This relation
fixes their impact parameter, b ≡ L/E, to be
bc =
√
L2
Veff,max
=
rmax√
Amax
, (16)
where the subindex max denotes evaluation of the corre-
sponding function at xmax. The critical impact parameter is
related to the frequency of the unstable circular null geodesic
by
Ωl = b
−1
c . (17)
Null geodesics with b > bc are scattered by the BH remnant
and stay in Region I (defined in Subsec. III B), whereas those
with b < bc overcome Veff,max and cross the wormhole throat
to Region II. The classical absorption cross section for BH
remnants is then given by
σc = pib
2
c =
pir2max
Amax
. (18)
Despite that in our model it is not possible to solve
V ′eff,max = 0 analytically, it is always possible to find xmax
through a numerical approach. In Fig. 2 we present a plot of
the total absorption cross section for null rays absorbed by a
naked wormhole as a function of ns. We can see that the ab-
sorption cross section increases monotonically with the (nor-
malized) number of charges. Therefore, for an observer at
infinity, ns can be regarded as an effective dissipative coeffi-
cient. As it will be seen later, the behavior of ns as a dissipa-
tive coefficient also holds for the absorption of scalar waves.
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FIG. 2. Null geodesics absorption cross section of BH remnants for
different values of ns. Recall that BH remnant solutions are charac-
terized by δ1 = δc and ns = Nq/Nc ∈ (0, 1).
B. Absorption of massless scalar waves
As it is well known, the analysis of null geodesics is
associated to the high-frequency limit (geometrical optics
approximation) of planar massless waves scattering [55, 56].
The geodesic analysis, however, is not sensitive to the full
range of phenomena that waves can experience, providing
incomplete information about the absorption and scattering
spectra, as well as the modal structure of the spacetime.
These characteristics are also strongly dependent on the spin
of the waves considered [57–60]. As a first approach to this
problem, we consider massless scalar waves, which provide
interesting insights on the features of the spacetime beyond
the geodesic approximation [40, 61, 62] .
Let us consider a minimally coupled scalar field described
by the action
SΦ = αΦ
∫
d4x
√−g
[
1
2
∇aΦ∇aΦ +W (Φ)
]
, (19)
where Φ is the scalar field, αΦ is a coupling constant, and
W (Φ) represents a self-interacting potential. We will assume
5a massless scalar field such that W = 0. We can obtain the
Klein-Gordon equation by extremizing the action (19) with
respect to Φ, leading to
∇a∇aΦ = 1√−g ∂a
[√−g∂aΦ] = 0. (20)
The scalar field also enters into the modified Einstein equa-
tions through its stress-energy tensor. However, since we are
considering the scalar field as a perturbation propagating in
the spacetime, we shall neglect all backreaction terms, which
are of O(Φ2), at least. We will thus focus on solving Eq. (20)
in the background described by the line element (3), with ap-
propriate boundary conditions.
Once that the spacetime is spherically symmetric, we use
separation of variables to decompose the field as
Φ =
ϕ(t, x)
r(x)
Y`m(θ, φ), (21)
where Y`m(θ, φ) are the scalar spherical harmonics. Plugging
Eq. (21) into Eq. (20), after elementary manipulations we ob-
tain the one-dimensional wave equation(
∂2
∂r2?
− ∂
2
∂t2
− Vϕ(r?)
)
ϕ(x, t) = 0, (22)
with the effective potential Vϕ given by
Vϕ(r?) =
A`(`+ 1)
r2
+
d2r
dr2?
, (23)
where r? represents a tortoise-like coordinate, defined as
dr? ≡ dx
AZ+ . (24)
It is easy to check that d
2r
dr2?
can be written as
d2r
dr2?
= AZ+ d
dx
(
AZ+ dr
dx
)
. (25)
Equation (22) can be reduced to an ordinary differential
equation by decomposing the function ϕ(t, x) as ϕ(t, x) =
ϕ(x)e−iωt, leading to(
d2
dr2?
+ ω2 − Vϕ(r?)
)
ϕ(x) = 0. (26)
In Fig. 3 we show the effective scalar potential Vϕ, given
by Eq. (23), for different choices of ns. For BH remnants, we
have that a potential well may appear at r = rc, showing dif-
ferent features from the BH case. The potential is consistent
with the one from the geodesic analysis, given by Eq. (14),
and the potential well is smaller for small values of ns.
Proper boundary conditions should be supplemented to
Eq. (26). The Penrose diagram of remnant configurations and
the corresponding illustration of the scattering problem is de-
picted in Fig. 4. The right and left hand sides of the dia-
gram are identified as Regions I and II, respectively. We are
interested in planar waves incoming from past (null) infinity
on the bottom right part of the diagram, J−I , being reflected
to J +I and transmitted to J +II . In Region I, asymptotically
(r → +∞), we have
ϕRI(x) ≈ A`me−iωr? +R`meiωr? , (27)
where A`m is the amplitude of the incoming wave and R`m
the amplitude of the reflected one. To write Eq. (27) we have
used the fact that the potential vanishes asymptotically. The
wave coming from J−I is scattered by the compact object,
leading to a phase difference between A`m and R`m. The
compact object can also partially absorb the wave, resulting
in a difference in the moduli of the amplitude of the incom-
ing and reflected wave. In the case of BHs, the absorption
is associated to a purely ingoing wave into the horizon. For
wormholes, which is the case of the BH remnant treated here,
we identify the absorption with the part of the wave that is
transmitted through the throat, emerging in the other universe
(Region II).
To describe the scattering phenomenology, we have to com-
pute the phase-shift δω`, which is related to the reflection co-
efficient by
e2iδω` = (−1)`+1Rω`Aω` . (28)
In general, the phase-shift is complex whenever |Rω`| 6=
|Aω`|, i.e., when there is a dissipation in the system.
The absorption cross section is given by [63]
σ =
∞∑
`=0
σ`, (29)
where σl is the partial absorption cross section, given by
σl =
pi
ω2
(2`+ 1)
[
1− e4Im(δω`)
]
(30)
=
pi
ω2
(2`+ 1)Γω`, (31)
with
Γω` = 1−
∣∣∣∣Rω`Aω`
∣∣∣∣2 (32)
being the transmission coefficients. To compute the reflection
coefficient, we must impose that the boundary conditions in
the asymptotic limit of Regions I and II are satisfied, resulting
in equations for the amplitude of the wave in those limits.
This can be done by analytical approximations of the wave
function or by numerically integrating it from the asymptotic
limit of Region II to the asymptotic limit of Region I, and
comparing the result with the asymptotic form given by
Eq. (27).
C. Trapped modes
Due to the shape of the potential, quasibound states can ex-
ist, associated to the potential well located at r = rc. These
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FIG. 3. Effective scalar potential Vϕ [given by Eq. (23)] for BH remnants. The plots with ` > 1 are normalized by `(` + 1), for better
visualization. We note the presence of a well centered at x = 0, which gets deeper as the limit n = 1 is approached, and is shallower for
higher multipoles. We also note the similarity of Vϕ with the potential obtained in the null geodesic analysis, Veff [given by Eq. (14)], plotted
in Fig. 1.
FIG. 4. Penrose diagram for a BH remnant configuration (δ1 = δc
and Nq < Nc). The wormhole is represented by the vertical time-
like trajectory denoted by rc. The triangular sectors on each side
represent two asymptotically Minkowskian universes. The arrows
represent the scattering of the massless scalar waves.
quasibound states are similar to the trapped modes present in
ultracompact stars [64], and in the eikonal limit they are re-
lated to the stable null-geodesics existing at r = rc [65]. The
modes are complex, having small imaginary part due to the
tunneling to the asymptotic regions of the spacetime. They
are determined by the boundary conditions
ϕ =
{
e−iωr? , x→ −∞,
eiωr? , x→∞, (33)
which generates an eigenvalue problem for the frequency ω.
The existence of trapped modes in the BH remnant case is a
crucial difference from the BH spacetime, where the imagi-
nary part is associated to the timescale of the unstable null
geodesic [66]. The quasibound modes generate a signature
in the absorption spectrum, leading to narrow spectral lines
in it. In fact, this signature has been also found in weakly
dissipative ultracompact stars [48], where it was shown that
the trapped modes give rise to structures similar to the Breit-
Wigner resonances in nuclei scattering. The position and the
structure of the spectral lines depend on the nature of the com-
pact object and may, therefore, be used to distinguish it from
other cases.
In the eikonal limit, the real part of the trapped modes
ωr can be found through the Born-Sommerfeld quantization
rule [67] ∫ r?b
r?a
dr?
√
ω2r − Vϕ(r?) = pi(n+ 1/2), (34)
where ωr2 < Vϕ, n is a positive integer, and r?a,b are the inner
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FIG. 5. Real part of the fundamental (n = 0) and first three overtones
(n = 1, 2, 3) frequencies of the trapped modes, obtained through
Eq. (34), as a function of `, for the case ns = 0.9.
turning points, defined through ωr2 − Vϕ = 0. As previously
mentioned, the imaginary part of these modes is usually very
small, what leads to resonant narrow peaks in the transmission
coefficient. We shall use Eq. (34) to describe the position of
the resonant peaks. From Eq. (34), we obtain that the modes
fit as [65]
ωr ∼ a`+ b, (35)
where b is a constant (cf. Fig. 5), that depends on the overtone
number, and
a = lim
x→0
A(x)1/2
r(x)
, (36)
being the angular frequency of the stable null geodesic. The
above result tells us that the frequency of the trapped modes is
evenly spaced with the overtone number. Such characteristic
will generate interesting patterns in the transmission coeffi-
cient.
In addition to the trapped modes, an approximation based
on the Breit-Wigner expression for nuclei scattering can be
used to describe the absorption cross section. Essentially,
when ω ≈ ωr, we have [48]
Γω`|ω≈ωr ∝
1
(ω − ωr)2 + ω2i
, (37)
where ωi is the imaginary part of the mode. We can see
that the transmission factor peaks at ω = ωr with a height
that depends on the imaginary part of the mode. Conversely,
the above expression can also be used to extract the trapped
modes frequencies from the computation of the transmission
factor.
IV. NUMERICAL RESULTS
Let us now present the numerical results for the absorp-
tion cross section of planar massless scalar waves by BH rem-
nants. The absorption properties are intrinsically related to
the geodesic quantities, as noted before. Therefore we choose
to normalize the absorption cross section by its corresponding
classical limit. Such normalization brings our results closer to
observational quantities, and it also makes easier to compare
them with those obtained for BHs within GR.
In Fig. 6 we plot the absorption cross section for mass-
less planar scalar fields as a function of the frequency, which
we normalized by the light-ring frequency value Ωl [given by
Eq. (17)]. The absorption cross section is normalized by its
classical counterpart, so that the plots in Fig. 6 tend to the
unity in the high-frequency regime. We note that the ab-
sorption in the low-frequency regime is different from the
Schwarzschild BH result, showing a Breit-Wigner type res-
onant behavior for some given frequencies, what indicates the
presence of trapped modes in the potential well around the
wormhole throat. This result is analog to recent findings re-
garding ClePhOs’ absorption spectrum, reported in Ref. [48].
We note that the (normalized) number of charges ns is analog
to the absorption parameter K of Ref. [48]. Fig. 7 is a plot of
the transmission coefficient of BH remnants as a function of
the frequency. From the left panel of Fig. 7, it can be seen that
for a fixed multipole `, the number of peaks increase as ns ap-
proaches the unity. Moreover, the number of peaks for a fixed
value of ns increases as we increase the multipole number `,
as it can be seen in the right panel of Fig. 7. These different
peaks enter at different frequency regimes, as it can be seen in
the absorption plots (cf. Fig. 6). For a peak to be pronounced
in the absorption spectrum it has to have a frequency high
enough to penetrate the potential barrier, i.e., ω2 ∼ Veff,max.
We note from Eq. (31) that the absorption cross section con-
tains a multiplicative factor of ω−2.
V. PHENOMENOLOGICAL IMPLICATIONS
The results presented in the two previous sections indicate
that the family of objects considered in this work has sim-
ilar absorptive properties as ClePhOs. The existence of a
Breit-Wigner like structure is due to the fact that the rem-
nants, like ClePhOs, have an inner structure with two char-
acteristic surfaces on which the waves can resonate. Nonethe-
less, though the peaks in the absorption spectrum of dissipa-
tive star-like ClePhOs are similar to the case of the BH rem-
nants explored here, the overall absorption is different, what
may provide an observational discriminator for the existence
of event horizons in different kinds of compact objects. We
notice that at higher frequencies, the absorption by BH rem-
nants tends to the Schwarzschild BH result, being equivalent
to the capture cross section of null geodesics. This is not the
case for weakly dissipative star-like ClePhOs, for which the
high-frequency absorption cross section tends to σc(1−|K|2),
with |K| ≈ 1. Therefore, there is clearly a distinctive sig-
nature of star-like ClePhOs that allows to discriminate them
from wormhole remnants. 3
3 Recall that for ns = 1 our solutions develop a horizon, so that we are
restricted to 0 < ns < 1.
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FIG. 6. Scalar absorption cross section of BH remnants for different values of ns. The absorption cross section is normalized by the classical
cross section and the frequency by the light-ring frequency. Narrow peaks arise when trapped modes exist in the potential well. The dotted
lines correspond to the Schwarzschild BH case.
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FIG. 7. Representative cases for the transmission coefficient in BH remnants. Left panel: As noted in the behavior of the effective scalar
potential Vϕ, trapped modes are more likely to arise for ns ≈ 1, and this feature impacts the transmission coefficients, generating resonant
peaks. Right panel: In addition to the ns dependence, more resonant peaks appear for higher values of `, as illustrated here for the ns = 0.9
case.
Another feature of these BH remnants that could be anal-
ysed in order to find observable discriminators from standard
BHs and/or other ECOS is their emission spectrum. In this
regard, note that the emission spectrum of ECOs will also
have characteristic lines described by Γωl and, therefore, their
emission spectrum will probably also be similar to that of Cle-
PhOs, what further hinders their distinguishability within the
ECO family. We also note that, since these features depend
on the geometric properties of the objects, electromagnetic
and gravitational perturbations may present similar character-
istics.
Since this work is a first step in understanding the impli-
cations of BH remnants in the wave phenomenology regime,
we have focused on the scalar case for simplicity. While this
9is important to get a grasp on more complex structures, it
should be clear that an analysis of the full gravitational wave
perturbations is needed to further quantify the physical phe-
nomena explored in this paper. In this sense, we expect that
a Breit-Wigner like spectrum will still be present for grav-
itational waves and will converge to the scalar field one in
the high-frequency limit, where the geodesic approximation
is valid. However, at lower frequencies it is difficult to an-
ticipate quantitative results. In fact, since the spectrum of
gravitational waves is directly related with the dynamics of
the perturbations of the underlying theory, the fact that the
background solutions presented here can be derived from (at
least) two different gravity theories (see Sec.II for details) in-
dicates that, given a background, different spectra are likely
to arise for different theories. This diversity of potential re-
sults is well-known in cosmology, where different theories
may yield identical background expansion histories but lead
to completely different linear perturbation evolution equations
for structure growth [69]. Something similar occurs in other
scenarios, such as in scalar field theories, where the conditions
to yield identical background solutions and linear perturba-
tions are very special [70, 71]. Thus, a dedicated analysis of
the perturbation equations for gravitational waves and their
phenomenological implications should be carried out for each
gravity theory that generates the line element (3).
Though such an analysis is not yet available for the RBG
family of theories, some general conclusions can be extracted
from the basic properties of these theories. In particular, given
that Ricci-based gravity theories recover Einstein’s equations
in vacuum, the propagation of gravitational perturbations only
involves two polarizations that travel at the speed of light,
which is an important viability test for modified theories of
gravity, especially after the simultaneous observation of grav-
itational and electromagnetic radiation from a neutron star
merger [72–78]. Additionally, since the modified dynamics of
RBGs manifests itself via nonlinearities induced by the matter
fields, the coupling between gravitational and matter modes
must be important, potentially leading to new observational
features.
In this respect, since the remnants considered here have
an electric charge, gravitational perturbations couple with
electromagnetic ones generating new modes and more
spectral lines in the absorption spectrum, which could be
analyzed by extending the methods previously developed in
the literature [57, 58, 79–82]. Therefore, ideally, one can
potentially observe the gravitational sector through its imprint
on the electromagnetic one, and the new couplings generated
by the modified dynamics could help to discriminate between
GR and other theories. In this sense, we notice that the
nonlinearities of RBG have only been studied in microscopic
systems [83], and astrophysical scenarios shall reveal new
physical implications of these nonlinear couplings. The study
of these interesting features lies beyond the scope of this
paper and will be left for future works.
VI. DISCUSSION AND FINAL REMARKS
We have studied the absorption properties of ECOs which
arise naturally in a wide class of metric-affine gravity models
beyond GR, emerging from a wormhole structure in the vicin-
ity of the classical singularity. These ECOs are continuously
related with BH solutions and, therefore, could represent a
feasible end state after Hawking evaporation. We have shown
that their scalar absorption spectrum is characterized by Breit-
Wigner-like resonances, whose frequencies are related to the
distance between the wormhole throat and its photonsphere. 4
This study aims to be the first step in the characterization of
the interactions between wormhole ECOs and matter fields,
revealing that they present absorptive spectral features very
similar to those of star-like ClePhOs [48]. The implications
of such result are two-folded: (i) They allow to distinguish
ECOs from standard GR BHs at the observational level, and
could also be used in order to discriminate between the differ-
ent modified gravity approaches that are studied today and do
not predict the existence of ECOs; (ii) They can be used to dis-
tinguish wormhole and star-like ClePhOs, since their absorp-
tion spectra have distinctive features, like the high-frequency
limit.
Following the classification of the solutions provided in
Sec. II, our study has focused on spherically symmetric
compact objects with δ1 = δc and 0 < ns < 1, for which
there is no event horizon (which are called BH remnants).
The mass spectrum of this set of solutions is bounded above
by (approximately) the Planck mass [37], limiting their
astrophysical motivation. 5 Nonetheless, our analysis paves
the road to the study of the spectral properties of other types
of solutions with higher astrophysical relevance. In particular,
the solutions studied here are geodesically complete and pos-
sess bounded curvature scalars everywhere. But there exists
another branch of solutions, with different charge-to-mass
ratio, δ1 > δc, for which curvature scalars diverge at the
wormhole throat, despite being geodesically complete as well.
In this part of the spectrum we find what could be seen as
naked divergences, 6 as opposed to naked singularities (which
are geodesically incomplete). Since the interaction of matter
fields with regions of extreme (even divergent) curvature
is well defined in scenarios with wormholes (see Ref. [42]
for a concrete example involving the model considered here
and Ref. [43] for different models in GR), it is important to
evaluate in detail the observable impact that such curvature
divergences might have on the absorption and emission
spectra of such objects. This analysis is currently underway
and is expected to shed some new light on the observational
features of compact naked objects with curvature divergences.
4 Taking the classical limit, the maximum in the effective potentials of Fig. 3
corresponds to the position of the photonsphere.
5 More massive alternative BH remnants are possible if nonlinear effects in
the matter sector are taken into account [41].
6 The geodesic completeness of such naked objects would make cosmic cen-
sorship hypotheses unnecessary.
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